Measurements of atmospheric electrical and standard meteorological parameters were made at coastal and inland sites in southern England during the 20 March 2015 partial solar eclipse. Clear evidence of a reduction in air temperature resulting from the eclipse was found at both locations, despite one of them being overcast during the entire eclipse. The reduction in temperature was expected to affect the near-surface electric field (potential gradient (PG)) through a reduction in turbulent transfer of space charge. No such effect could be unambiguously confirmed, however, with variability in PG and airEarth current during the eclipse being comparable to pre-and post-eclipse conditions. The already low solar radiation for this latitude, season and time of day was likely to have contributed to the reduced effect of the eclipse on atmospheric electricity through boundary layer stability. The absence of a reduction in mean PG shortly after time of maximum solar obscuration, as observed during eclipses at lower geomagnetic latitude, implied that there was no significant change in atmospheric ionization from cosmic rays above background variability. This finding was suggested to be due to the relative importance of cosmic rays of solar and galactic origin at geomagnetic mid-latitudes.
This article is part of the themed issue 'Atmospheric effects of solar eclipses stimulated by the 2015 UK eclipse'.
Introduction
A vertical electric field is continuously present in the atmosphere, with a typical magnitude of order 100 V m −1 2016 The Author(s) Published by the Royal Society. All rights reserved. this was the first total eclipse affecting the UK mainland since 1724, which predated the initial detection of electric charge in a clear atmosphere by John Canton in 1753 [25] .
A partial solar eclipse was visible over much of the UK on the morning of 20 March 2015, with 85% coverage of the sun for southeast England and 97% for northwest Scotland at approximately 0930 UTC. The results from atmospheric electrical instrumentation at two sites in southern England were assessed to identify any eclipse-related phenomena.
Site and instrumentation
The location of the two observation sites used in this work are shown in figure 1. The Reading University Atmospheric Observatory (RUAO) operates a comprehensive collection of standard meteorological and atmospheric electrical instrumentation, logged at 1 Hz. Located in central southern England (51.442 • N, 0.938 • W), it experienced a maximum of 85% obscuration of the sun during the 20 March 2015 eclipse. The site is located inland on a 1.3 km 2 university campus containing open grassland, small lakes, mature trees and medium-height buildings (generally less than five storeys). Radioactive emission from subsurface sources is considered to be typical for a land site with low radon outgassing. Traffic on campus is light, with anthropogenic production of aerosol or space charge being relatively low for the few hundred metres surrounding the RUAO. Generation of air pollution is greater for the surrounding urban environment, given the campus is situated in the city of Reading (population of approx. 156 000), although modest compared with London, whose outskirts lie approximately 30 km to the east. Air pollution is nonetheless an influential factor on the PG at this site, with a noticeable effect on daily and seasonal cycles [2, 10] . The RUAO atmospheric electrical measurements analysed in this work are PG from a JCI131 electric field mill and air-Earth current from a GDACCS [26] , which has a response time of approximately 3 s due to the RC time constant produced by the ammeters. The field mill was mounted on a pole 3 m above the ground, calibrated to the 1 m absolute PG derived using the passive wire technique [27] .
A second site conducting meteorological and atmospheric electrical measurements was the headquarters of Biral, in Portishead, southwest England (51.483 • N, 2.769 • W). Located approximately 120 km west of the RUAO, the maximum solar obscuration was similar, at 87%. The site is a coastal location, being approximately 500 m from the shoreline of the Bristol Channel. The channel is sheltered compared to open sea, being only 8 km wide at this site and with a low, muddy shoreline. This sheltered coastal environment minimizes the production of salt spray, which is therefore considered as a potential, although not major, source of space charge. The geology of southwest England where Portishead is situated generates moderately high radon outgassing compared with southeast England where the RUAO is located, although the Portishead site itself is considered to have a similarly low level as the RUAO. The site is located among light industry in a wider urban environment within the town of Portishead (population of approx. 25 000). The relatively low population size and its proximity to the sea imply fairly low levels of air pollution generated by local anthropogenic sources, although with possible periods of increased aerosol during advection of pollutants from cities such as Bristol 10 km to the east or from cities and industry across the Bristol Channel in south Wales.
A change of PG with time induces a current to flow at the surface of an exposed conductor. This current is proportional to the conductor's surface area and rate of change of PG and is referred to here as the displacement current. High-frequency sampling (100 Hz) of the displacement current associated with atmospheric PG changes were recorded at this site, from the raw output of a Biral BTD-300 thunderstorm warning system. The basic measurement principle of the BTD-300 is described by Bennett [28] , except for the inclusion of a digital low-pass filter stage to eliminate 50 Hz mains power line signals and other sources beyond the 50 Hz Nyquist frequency. Because the unit only measures the rate of change of PG, rather than its DC value, a 1 Hz high-pass filter stage is also included, producing a measurement frequency window between approximately 1-47 Hz. Although primarily a thunderstorm warning system, the necessity to detect extremely small displacement currents associated with distant lightning means the BTD-300 antennas can resolve current to approximately 8 pA. This sensitivity provides the ability to measure PG changes from nearby wind-blown space charge. The large antenna surface area of 0.28 m 2 is well suited to displacement current measurement, with the spherical antenna geometry equally sensitive to all trajectories of space charge, which is useful given the typically turbulent near-surface airflow.
The relatively fast (order 1 ms) time constant of the antennas allow the space charge signal to be sampled at 100 Hz, although in practice most of the power is typically observed below 10 Hz during fair weather. The 100 Hz sampling exceeds that of standard field mills (order 1 Hz) while remaining below frequencies affected by radio interference. With the 47 Hz digital low-pass filter and use of low internal noise components and circuit design, the background variability of antenna current during fair weather largely relates to the local space charge spectrum. This site also operated a Davis Instruments Vantage Pro2 meteorological station, including the global solar radiation sensor, sampled each minute.
Results
The 20 March 2015 partial solar eclipse occurred at the RUAO between 0824 and 1040 UTC, with its maximum coverage (85%) at 0930 UTC. The eclipse was 2 min earlier for the Portishead site, which experienced a maximum of 87% solar obscuration at 0928 UTC. The weather conditions during the eclipse remained dry and calm over southern England under the influence of an anticyclone, with the west of the region experiencing clear skies, permitting ideal eclipse viewing conditions at the Portishead site. However, overcast conditions were present across central and eastern parts of the region, with the RUAO experiencing unbroken stratus cloud throughout the eclipse period. Consequently, the observed reduction in solar radiation and subsequent nearsurface temperature change was lower here than expected for clear skies, especially because the eclipse occurred in the morning and in early Spring, where maximum global solar radiation would only be approximately 400 W m −2 at 0930 UTC. Nonetheless, modest changes to these parameters were attributable to the eclipse. The GDACCS instrument consisted of two collecting electrodes for the air-Earth current, one a flat plate and the other a corrugated plate (CP). The difference in measurements from these plates is used to determine the vertical conduction current and displacement current densities [26] . However, during the day of the eclipse a small (approx. 2 pA) leakage current was observed on the flat plate collector, so only the CP was used. This meant that only the total air-Earth current was available, which would include conduction (global circuit), turbulent (space charge flux) and displacement current (PG change) components [1, 26] .
Measurements of global solar radiation (SG), dry bulb temperature, wind speed, PG and airEarth current from the CP, as well as the standard deviation of PG and CP during the eclipse at the RUAO are shown in figure temperature is also observed, beginning around 15 min before the maximum eclipse and creating a local minimum of temperature at approximately the same time as that of solar radiation, although with a slower recovery. The relative humidity remained near-constant throughout the eclipse, varying between 90% and 92%, except for approximately 10 min after eclipse maximum, when it briefly registered 93%, coincident with the reduced air temperature. Given the 1% resolution of the hygrometer, the reliability of this increase is subjective, albeit consistent with expectation with the drop in temperature. In contrast to air temperature, PG and CP showed no clear evidence of changes to their mean or variability which could be unambiguously attributed to the eclipse. No clear evidence of a change in wind speed resulting from the eclipse can be seen from figure 2 either, although there are indications of a slight reduction in the mean and variability during the period of depressed temperature following maximum eclipse. The standard deviation of PG is greatest when periods lasting more than 1 min were considered (figure 2). The greater emphasis on relatively slow variability suggests its source to be charge transfer by larger structures than from the fluctuations of small turbulent eddies near the field mill, given the approximately 1 m s −1 mean wind speed.
The air-Earth current derived from the CP had an overall mean of approximately 0.5 pA (approx. 3 pA m −2 ) and showed no long-period trend throughout the eclipse duration, consistent with that measured at least an hour before and after. There was no evidence of a change in the mean due to any eclipse-driven variability of convective transport of space charge, as might be expected considering the significant changes following the erosion of a nocturnal electrode layer after sunrise [29] . A steady increase in minute-scale CP variability was evident during the eclipse, although it was also low prior to first contact. Given the lack of relation to the percentage of solar obscuration, there is no reason to suspect any causality with the eclipse. The standard deviation of PG also generally increased during this period, so the increase in CP variability may be at least partially explained by an increase in the displacement current component. The reason for this increase in PG variability is suggested to be the result of increased convective-scale (thermal plume) boundary layer turbulence following the gradual rise in temperature as the day progresses, combined with the beginning of stratus cloud thinning/breakup towards the end of the period. The increased heterogeneity in cloud thickness can be implied by the increasing variability in the global solar radiation towards the end of the eclipse. The cloud break up not only increases the amplitude of solar radiation available for convection, but also adds to the cloud charge spatial heterogeneity, which in turn will increase the PG variability on timescales of several minutes as the weakly charged cloud fractions pass overhead. Changes to the mean PG displayed variability of order hours, so may also be related to slower changes in overhead cloud charge, as well as the background influence of the global circuit. Although a local minimum in mean PG appears coincident with the period of reduced solar radiation surrounding the eclipse maximum, its causality is ambiguous given similar troughs of PG either side of this time.
The source of PG variability was further investigated by inspection of the covariance with temperature and wind speed during and outside of the eclipse, the results of which are shown in figure 3 . As seen in the standard deviation of PG, the greatest variance is for sample periods longer than 1 min, highlighting the dominance of slow variability. Covariance between temperature and wind shows periods of both polarities among a mean of approximately zero, suggesting no consistent association and only sporadic periods of both positive and negative proportionality at these timescales, although any lagged effects would not be evident in these time coincident comparisons. A similar finding can be drawn for the covariance between these two parameters and PG, with no consistent sign of proportionality between PG and wind, although there was an indication of more positive spontaneous proportionality between PG and temperature, especially towards the end of the eclipse. From this result, it suggests that PG variability at this time and on these timescales was associated more with heterogeneity in overpassing cloud charge than smaller scale variability in the boundary layer, including any effect of the eclipse. There was an indication of increased covariance between PG and temperature following conditions more favourable to convection/cloud break-up in the late morning, but the time of the eclipse maximum may have occurred too early in the weak diurnal warming to have an appreciable influence on this.
In contrast to the RUAO, the sky was largely free of cloud during the entire eclipse at the Portishead site. Atmospheric attenuation of solar radiation was, however, enhanced by a slight haze as earlier mist slowly dispersed after sunrise, with visibility measured by a Biral VPF-730 being 3.0 km at the start of the eclipse, rising to 5.6 km at the end. Accordingly, the relative humidity lowered from 90% to 70%. Despite the haze, the eclipse was clearly identified in the measurements of global solar radiation and air temperature, measured every minute (figure 4). The temperature minimum associated with the eclipse represented a drop of approximately 1 • C and lagged approximately 15 min behind the time of maximum solar obscuration. The relative humidity increased slightly from 79% prior to the temperature drop to 81% at the minimum, although this 2% increase is within the 3% measurement uncertainty stated by the manufacturer of the hygrometer. Wind speed at the site was below the 0.4 m s −1 minimum detectable value for the cup anemometer throughout much of the eclipse, with speeds consistently above the threshold approximately 30 min after the time of maximum eclipse (figure 4).
A spectrum of the displacement current measured by the primary antenna of a BTD-300 was generated from the 100 Hz data every 10 s and shown in figure 5 . Vertical white lines on this figure indicate the start, maximum (dashed) and end of the eclipse. The main features of this graph are a constant signal between 0-4 Hz, which is turbulent space charge, and four incidences of broadband noise of similar magnitude lasting several minutes each, which was electrical interference from the building on which the BTD-300 was located. Other artefacts include occasional high amplitude but short duration spikes between 0 and 14 Hz and a 6 Hz signal at 0955, which were both produced by the charged feathers of birds flying nearby, and an intermittent signal at 17 Hz from charged plastic blades of an extractor fan located 5 m away in the wall of the building. The fading of all signals above approximately 44 Hz is due to the lowpass digital filter designed to remove 50/60 Hz power line interference. The slight noise pick-up from the internal circuitry in this version of the BTD-300 prevented the measurement of global lightning-induced resonance of the Earth-ionosphere cavity known as Schumann resonances [30] during the eclipse, although later versions have lower noise so are able to resolve this global signal. The 0-4 Hz displacement current resulting from the turbulent transfer of space charge is therefore the only signal relevant to the eclipse so will be investigated further here. An enhanced spectrogram showing the 0-5 Hz band is provided in figure 6 , with the time period extended to between 0 and 19 UTC so that any variability in this band during the eclipse can be placed in context with the surrounding time. Aside from the short duration signals of nearby birds, the generally increased amplitude associated with wind-blown space charge can be identified approximately between 0.2 and 3.0 Hz. From this figure, there is no clear indication of a change in the amplitude or frequency of the space charge signal compared with the non-eclipse times. Quantification of the power contained in the space charge frequency band can be made by summation of the amplitudes, after the strong transients from birds and broadband noise are removed. The amplitude of such a filtered summation using the 1-3 Hz band is shown in figure 7 , which is confined to the same time period surrounding the eclipse as figure 5 . The 1-3 Hz band was chosen to avoid the DC values approaching 0 Hz which may include temperature-dependent offsets inherent in the circuitry, as well as avoiding the reduction in gain below 1 Hz due to the high-pass filter. The 3 Hz upper limit represented the frequency below which space charge is clearly different from background noise, as shown in figure 5 . The variability of the 5 min running mean in figure 7 , attributed to nearby space charge, displays oscillations with a period of approximately 10 min, close to the typical variability of PG [12] . This may suggest that the generators of longer period variability in PG such as larger boundary layer turbulent structures are also affecting the magnitude of space charge density with shorter length scales, identified by the 1-3 Hz signals. The haze resulting from swollen hygroscopic aerosol in the 90% relative humidity at the start of the eclipse may have contributed to the increased space charge variability during this time, as observed during fog [6, 15] . The general trend in 1-3 Hz magnitude identified by the 20 min running mean displays a broad minimum approximately 1 h after maximum eclipse. Like the RUAO PG data, care must be taken in interpretation of this feature, because the considerable shorter period variability present throughout the period and the influence of non-eclipse mechanisms makes such a feature difficult to unambiguously attribute to the eclipse without further evidence of its causality. In order to place the variability of the 1-3 Hz space charge signal in context, an extended duration from midnight to 1900 UTC (just after sunset) was plotted alongside temperature, wind speed and solar radiation, shown in figure 8 . From this figure, the variability associated with the eclipse can be readily compared to that from non-eclipse influences present throughout the day. For example, the drop in temperature prior to the time of maximum eclipse can be seen as a clear notch in the overall diurnal temperature cycle. The wind speed increase between 1015 and 1430 UTC was likely to be from weak convective activity during the time of maximum solar radiation, prior to the onset of increased wind speed from a cold front arriving around sunset. 
Discussion
The lack of an unambiguous effect of the eclipse on RUAO PG or air-Earth current is perhaps not surprising given the very modest change in temperature, and therefore likely effect on turbulence, produced by the eclipse during the overcast conditions. After all, a similar lack of atmospheric electrical influences was found during the 1927 eclipse by Nolan & O'Brolchain [24] during similarly overcast conditions in nearby Wales. Overcast conditions also prevailed during a total eclipse witnessed in northern Brazil in 1912, with the corresponding lack of meteorological response to the eclipse leading [22] to suggest that any effects on atmospheric electricity at the site were likely to be independent of local meteorological influence. The findings of Knoche & Laub [22] did, however, show changes in the number and dominant polarity of the ion population after the time of totality, as well as reductions in air-Earth current, which they therefore suggest were due to non-meteorological sources. An overcast total eclipse in northeastern Brazil in 1919 also produced changes in PG and air conductivity [31] . No such influence on PG or airEarth current was readily identified for the March 2015 eclipse at the RUAO, although direct comparison to the 1912 Brazil events cannot be made because the eclipse was only partial at the RUAO and the two sites differ greatly in geomagnetic latitude, which would influence cosmic-ray ionization rate.
Previous reports from other sites have identified that a significant (order 60%) reduction in PG is generally observed during an eclipse [23, [31] [32] [33] [34] [35] [36] . These measurements were taken at low geomagnetic latitudes (less than 40 • ). Many also report significant local meteorological disturbances resulting from the eclipse, which is unsurprising given the strong influence of solar radiation at such latitudes. Although the eclipse-induced variability in boundary layer stability were expected to influence the PG, an additional influence was suggested by Saxena & Kumar [23] , whereby the moon blocks the Earth-bound solar wind, so increasing cosmic-ray intensity and therefore increasing atmospheric ionization at low geomagnetic latitudes. The increased ionization was considered to be the cause of their observed increase in air conductivity, which would have produced a corresponding decrease in PG. At higher geomagnetic latitudes such as England, cosmic rays of solar origin are expected to be more dominant, so the PG reduction is likely to be less pronounced, or even reversed given the blockage of the direct path of cosmic rays from the sun. This may make any cosmic-ray effects on PG difficult to distinguish from natural variability in the mid-latitudes.
A recent example of PG variability at a mid-latitude site is that conducted by Babakhanov et al. [37] during a total eclipse in 2008 in Novosibirsk, Russia, at a similar geomagnetic latitude to England. They reported a sharp decrease in PG at two sites just prior to first contact, which reverted to an increase of smaller magnitude after totality. During the PG disturbance, the polarity reversed, demonstrating that air conductivity alone was not the only source of this anomaly, because only space charge (surface or cloud) can reverse the PG polarity. It is therefore possible that this PG disturbance was the result of coincident meteorological sources of PG variability and not necessarily a direct effect of the eclipse. Given the close proximity of the two sites (1 km), the polarity reversal and dipole-like characteristic, the overpass of charged cloud or an elevated charged dust layer might have been a possible influence.
Clear skies at the Portishead site allowed a more pronounced effect of the eclipse on air temperature to be demonstrated compared to the RUAO, despite the event occurring in the hazy and weak morning sunshine. This site provided measurements of the 1-47 Hz displacement current using the raw 100 Hz output of a BTD-300, in addition to standard meteorological parameters. The amplitude of the 1-3 Hz frequency band was used as a method of detecting space charge travelling past the antenna. For nearby space charge to be detected by the BTD-300, which is sensitive to the rate of change of PG, charge anomalies need to be of sufficient magnitude and move at sufficient speed relative to their dimensions to induce a detectable current on the antenna. There are therefore two environmental parameters which will alter the amplitude of space charge signal; charge spatial anomaly and wind speed. The former will tend to increase the signal magnitude alone, with the latter tending to broaden the frequency range affected. Assuming a steady advection of charged aerosol and near-surface ionization rate during the period, the space charge density will be a function of dispersion by turbulent transport, because the charge carriers are ions and aerosol particles. The depth of the boundary layer increases after sunrise as convective mixing begins [18] . A deeper boundary layer provides greater vertical dispersion of space charge and therefore acts to reduce the space charge density near the surface. The space charge signal measured by the BTD-300 is therefore likely to reduce as the boundary layer deepens, although turbulence will increase with enhanced convection, the availability of space charge at the surface will be reduced. Given the reduced near-surface temperature following the eclipse, it is likely that the rate of growth of the boundary layer was slowed or reversed for the 55 min between 0855 and 0950 when the temperature remained the same or reduced. A lag between this surface effect and boundary layer depth of several minutes would be anticipated, as the effect of reduced convection on boundary layer depth is realized at the top of the layer. This temporary increase in atmospheric stability resulting from the eclipse would be expected to increase the space charge density near the surface, thereby producing an increased signal in the 1-3 Hz BTD-300 measurements. This effect may, however, be complicated by a corresponding reduction in turbulence associated with the increased stability, which will act to reduce the space charge signal, owing to slower movement of charged eddies past the antenna.
From figure 5 , it was shown that the 1-3 Hz space charge signal was highly variable during the eclipse, making any direct influence difficult to identify. Putting the measurements during the eclipse in wider temporal context, the local maxima and minima present during the eclipse were comparable to those found outside of this time, as shown in figure 6 . It is therefore suggested that the eclipse had little or no influence on space charge at this site, as measured by the BTD-300. From the diurnal-scale perspective of figure 6 , the amplitude of the space charge signal did decrease in accordance with the expected increase in boundary layer depth, with a broad daily minimum close to the time of maximum air temperature as expected from theory, although this feature would need additional information on the structure of the boundary layer and space charge sources and sinks to be confident of this relationship. Given the small change which may be attributed to a deepening of the boundary layer, it is unsurprising that the shorter period and smaller amplitude change of temperature produced by the eclipse would be lost among the background variability of space charge at this site.
Conclusion
From the observations reported here, there appeared to be no clear evidence of any influence of the eclipse on atmospheric electrical parameters at the RUAO or Portishead sites. This is despite the latter being largely cloud free and both showing a change in air temperature corresponding to the eclipse. The weak solar radiation during this time of the day and season are expected to have made any indirect effects on near-surface atmospheric electricity through turbulence small compared with their background variability. Calm conditions at the Portishead site would also have reduced the ability of the BTD-300 to detect space charge variability, because slowmoving charge generates a smaller displacement current. Any extra-terrestrial effects on PG or air-Earth current from the eclipse such as the modification of cosmic rays resulting from blocking of the solar wind by the moon [23] were evidently small compared with background variability. This finding may have been due to competing influences of galactic and solar components of cosmic-ray ionization at geomagnetic mid-latitudes.
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